In the presented article we consider exclusive weak decays of doubly heavy baryons with spin J = 1/2 with production of leptonic pair or a set of light mesons. Using QCD factorization theorem and spectral functions approach we obtain theoretical predictions for the partial probabilities of these decays and distributions over various kinematic variables. According to the obtaining results partial probabilities of some of researched decays are large enough to be observed experimentally.
I. INTRODUCTION
Today the research of doubly heavy baryons takes a particularly important role in physics of elementary particles. For a long time they were not available for experimental study, but recently LHCb colloboration managed to register doubly heavy baryon Ξ ++ cc in Λ + c K − π + π + final state [1] . Moreover, decay Ξ ++ cc → pD + K + [2] was registered. Thereby we are interested in theoretical research of other decays of doubly heavy baryons for subsequent experimental verification. In this article we consider decays of ground state of baryons with spin J = 1/2: B 1 → B 2 R, where R = µν µ , π, 2π, 3π, 5π. According to the factorization theorem they are connected with τ -lepton decays τ → ν τ R, since in both cases the system R is produced by virtual W -boson transition W → R. As a result probability of reaction B 1 → B 2 W is defined by convolution of semi-leptonic differential width B 1 → B 2 µν and spectral function of transition W → R. First process can be described in terms of form factors of weak decay, which can be calculated with help of potential models. Spectral functions, on the other hand, can be found by analyzing decays of τ -lepton τ → ν τ R.
In the following section description of used in our paper theoretical model and parametrization of the form factor are given (see also appendix A). Section III is devoted to description of the spectral functions. In the next section we give our numerical results: integrated branching fractions of the considered decays and squared momentum distribution. Discussion of the obtained results is given in the final section of the article.
II. THEORETICAL DESCRIPTION
Let us consider the reaction
where doubly heavy baryon B 1 with spin J = 1/2 decays into another doubly heavy baryon B 2 with same spin and virtual W -boson, which then hadronizes into system R. where R = ℓν ℓ , π, 2π, 3π, 5π. The considered baryons contain heavy b-and c-quarks, so at the quark level their decays are caused by c → s/d and b → u/c transitions. Typical diagram of such processes is shown in figure 1 . We should note that there exists also an unfactorized case, when light quark from baryon takes part in production of π. However, contribution of such a diagram is small due to colour suppression and its calculation is not a subject of this article.
According to factorization theorem process B 1 → B 2 R can be separated into two independent parts: weak decay B 1 → B 2 W and W → R transition. As a result its matrix element can be written as
where G F is the Fermi constant, V ij the CKM matrix element, constant a 1 describes soft gluon rescattering [3] , ε is the effective polarization vector of W -boson, and the amplitude of B 1 → B 2 transition is denoted as H µ .
This amplitude can be written as [4] 
where
M 1 is the mass of the initial baryon, P (P ′ ) are the momenta of initial (final) baryons, q = P ′ − P is the transferred momentum, and f i (q 2 ), g i (q 2 ) are the form factors of B 1 → B 2 transition. Contribution of f 3 and g 3 are suppressed as (m u + m d )/m B and they can be neglected.
In the calculation of form factors of weak decays of doubly heavy baryons we use quark-diquark model, in which baryon is considered to be build from scalar or axial diquark (with spin S d = 0 and 1 respectively) and a single quark. It is convenient to take as diquark those quarks, that do not take part in weak decay. It is clear that in this approximation spin and internal state of diquark remain the same and, for example, in case of Ω 0 bc → Ω + cc W − decay it is required to consider form factors of
transitions. In the above expression indexes S, A correspond to scalar and axial diquark. As a result, the form factor of this decay is equal to
where F S,A (q 2 ) and c S,A the form factors and coefficients of in the case of scalar (axial) diquarks respectively. These form factors can be calculated in the framework of potential model and, according to [4] , are determined by overlap integrals. Detailed presentation of calculation of form factors can be found in [4, 5] . As for the coefficients C S,A , their values can be determined using Clebsh-Gordon coefficients.
Let us consider for example baryon Ω + cc . In this case diquark cc can only have spin S d = 1 (scalar diquark option is forbidden by Pauli exclusion principle), so its spinor wave function can be written as
where symbols ↑ and ↓ mark states of c-quark with spin projections S z = 1/2 and −1/2 respectively. The wave function of the baryon with full spin S = 1/2 can be written in the same way:
In c(cs) basis, on the other hand, this wave function changes to
where the ClebschGordan coefficients were used. For baryon Ω 0 bc the wave function is
From these expressions for decay Ω
In Appendix A we show the values of these coefficients and parametrization of the form factors for all considered in our article decays.
B. Spectral Function Formalism
The width of the B 1 → B 2 R decay is equal to
where J = 1/2 is initial baryon spin, Lorentz-invariant phase volume is defined by the expression Figure 2 . Diagram for semi-leptonic decay
III. CALCULATIONS OF SPECTRAL FUNCTIONS
In several cases the spectral functions can be easily calculated. For example, for semi-leptonic decay (see its diagram on pic. 2) effective polarization vector of W -boson equals to
where p, k are the momentum of final leptons (we assume that their masses are negligible). It is easy to show that summed over leptons' polarization square of this vector is equal to
As a result in this case longitudinal spectral function identically equal to zero (we could expect this because of partial conservation of the axial current). For the transversal one we have
Diagrams for decays to π and ρ mesons are trivial. It is well known that amplitudes of W → π and W → ρ transitions are
respectively, where f π = 130 MeV, f ρ = 216 MeV, m ρ = 775 MeV [6] . As a result we have:
For W → 3π and W → 5π transitions the longitudinal spectral functions are equal to zero because of partial conservation of the axial current. The shapes of the transversal functions, on the other hand, can be found using resonance model (see shown in Fig.3 diagrams) . The normalization of these functions can be found using experimental values of the branching fractions of τ → ν τ + 3π, τ → ν τ + 5π decays [6] [7] [8] [9] . For these processes Figure 3 . Diagrams for transitions W → 3π and W → 5π
B mB, GeV ΓB, ps −1 B mB, GeV ΓB, ps where m τ = 1776 MeV [6] is the mass of τ lepton, P τ is its momentum, and P ντ is the momentum of τ -neutrino. As a result we have (see also [10] [11] [12] [13] ):
where squared transferred momentum q 2 is measured in GeV 2 . Comparison with later experimental results [14] [15] [16] [17] showed that these spectral functions suits well for theoretical description of exclusive decays of B c -mesons, so we can expect that in case of studied in our article processes they can also be used.
IV. NUMERICAL RESULTS
For numerical calculation we use values for Fermi constant and CKM matrix elements given in PDG [6] .
Values of masses of initial and final baryons are presented in tables I, II. Let us consider semileptonic decays first. Using presented in the previous section results it is easy to calculate the branching fractions of the considered decays. In Fig. 4 we show three typical examples of the transferred momentum distributions in the decays Ω
One can see a peak on the second subfigure, but, obviously, it has nothing to do with any resonances and is caused by form factors interference. As for distributions over other Dalitz variables, it is clear that they cannot be obtained in the framework of spectral function formalism. 
In the case of three-body semileptonic decay, however, we can use a well known Dalitz relation to calculate it. In figure 5 , for example, we show the distributions over the invariant mass of baryon-lepton pair for the same decays.
Such an approach, unfortunately, cannot be used in the case of larger number of the final particles, so for R = 3π, 5π final states we can use only described above spectral function formalism to obtain the distributions over the invariant mass of the light mesons system. In the case of Ω
c 5π decays, for example, such distributions are shown in figure 6 . In is interesting to note that these distributions have peaks in q 2 ≈ 1 GeV 2 region. These peaks correspond to show in diagrans 3 a 1 -meson resonance, whose mass is m a1 ≈ 1.2 GeV [6] .
Using obtained results it is easy to calculate the branching fractions of the considered decays, see tables III, IV, and V for doubly charmed, bottom-charmed, and doubly-bottom baryons respectively. From these tables it is clear that the branching fractions of some of the decays are quite large (for example, Br(Ω Presented in our article branching fraction of doubly heavy baryons decays with production of semileptonic pair, π, or ρ mesons agree perfectly with the results of paper [4] . It should be stressed, however, that in the case of the latter final state the width of the ρ meson is completely neglected in this work. It is clear, however, that in some cases such approximation could be not reliable. As a result, obtained in the framework of spectral functions formalism branching fractions (labelled 2π in tables III, IV, V) differ from the results with ρ-meson width neglected (see columns labeled ρ in these tables). In the presented paper we have considered exclusive decays of the ground states of doubly heavy baryons Ξ Q1Q2 , Ω Q1Q2 (where Q 1,2 = c, b) with production of the leptonic pair or the system of charged π mesons. According to the factorization theorem the widths of these processes can be written as convolution of semileptonic decays and spectral functions, that are connected with virtual W -boson transition into final system of light particles. First stage can Table V . Branching fractions of bb baryons in percents be described in terms of form factors of the weak decay, that can be calculated, for example, in frame of potential models. The spectral functions, on the other hand, can be calculated, for example, from analysis of τ lepton decays.
In our article we gave analytical expressions for distributions of decay width over squared transferred momentum. Using known parametrization of form factors of doubly heavy baryons and spectral functions we gave numerical predictions of these distributions and integrated branching fractions. According to our results, for some of the processes branchings are quite large, that can lead to their experimental observation. It should be noted, that semileptonic decays of doubly heavy baryons were considered also in a number of other works (see, for example, [5, 18, 19] ). The results of these works have some difference with ours, which is caused by the difference in formfactors' parametrization. Thereby, we think it is extremely interesting to try to experimentally observe marked decays.
In future we plan to continue our work in this area. For example, it would be interesting to study the production of light mesons in decays of excited P -waved states of doubly heavy baryons. In addition, we plan to creation of based on the presented theoretical models Monte-Carlo generators, that are required for comparison of theoretical predictions with forthcoming experimental results.
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B1 → B2
f1 f2 Table VI . Parameters of form factors f1, f2 for cc baryons As it was shown in section II, using results [4] in case of B 1 → B 2 W transition we can obtain dependence of form factors on squared transferred momentum for scalar and axial diquarks. In this paper it is more convenient to parametrize not the form factors themselves, but their sum
In our article we use the following parametrization:
where parameters F (0), α, β, and γ for different initial and final states are given in tables VI-XI.
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